ABSTRACT Phaseic acid (PA) and dihydrophaseic acid (DPA) are the major metabolites observed when (S)-2-14C-abscisic acid (ABA) is fed to 14-day excised primary bean leaves (Phaseolus vulgaris L. cv. Red Kidney). The distribution of 14C in leaves which were wilted after feeding ABA appears to be the same as that observed in unwilted leaves. A reduction in the relative specific radioactivities of the two metabolites after wilting, compared with the specific radioactivities measured in unwilted plants, indicated that these metabolites continue to be formed endogenously after wilting. Estimates of the endogenous ABA levels showed that they rose from 0.04,ug to approximately 0.5 pug/g fresh weight within 4 hours after the beginning of a 10% wilt and remained at that level during a subsequent 20 hours of wilt. In unwilted leaves, the levels of PA and DPA were 5 times and 20 times higher than that of ABA, respectively. Both PA we undertook the work described in this paper to determine the effects of water stress on the metabolism of ABA in leaves.
in unwilted plants, indicated that these metabolites continue to be formed endogenously after wilting. Estimates of the endogenous ABA levels showed that they rose from 0.04,ug to approximately 0.5 pug/g fresh weight within 4 hours after the beginning of a 10% wilt and remained at that level during a subsequent 20 hours of wilt. In unwilted leaves, the levels of PA and DPA were 5 times and 20 times higher than that of ABA, respectively. Both PA and DPA levels rose throughout the wilt period. PA rose from 0.20 pAg to 1.0 Ag and DPA from 0.8 pg to over 3 ,ug/g fresh weight. From these data, we calculated the rate of ABA synthesis to be at least 0.15 jug/hr g fresh weight during this period. We have interpreted these results to mean that in wilted leaves an elevated level of ABA is maintained because the rate of synthesis and metabolism are both elevated and approximately equal.
Exposure of terrestrial higher plants to any one of a variety of conditions which induce water stress causes a considerable and rapid increase in the endogenous level of ABA in leaves (16, 17) . This increase begins within minutes after the initiation of wilting and may be involved in the mediation of water loss by controlling stomatal resistances (1, 2, 8) . Despite a considerable amount of information concerning changes in the endogenous ABA concentrations in wilted plants, relatively little is known about the way in which these levels are controlled under water stress. Milborrow (4, 7) presented evidence that in wilted wheat leaves the increase in ABA levels is due to de novo synthesis and has suggested that a high level of ABA can stop its own biosynthesis by a feedback mechanism. He has postulated that under wilting conditions, 3 separate switch mechanisms may control ABA levels (6), a model which implies that both ABA synthesis and metabolism are regulated in stressed plants. Since there was no published information about ABA metabolism in wilted plants, 1 This research was supported by National Science Foundation Grant GB 29428. we undertook the work described in this paper to determine the effects of water stress on the metabolism of ABA in leaves.
MATERIALS AND METHODS
Seeds of Phaseolus vulgaris L. cv. Red Kidney were germinated in vermiculite for 3 days, then transferred to a well aerated solution containing 0.5 g/l Hyponex 7:6:19 all purpose plant food (Hydroponic Chemical, Copley, Ohio) to which 2 mg/l FeCl3 were added. The seedlings were grown in a growth chamber at 25 C under 16-hr days with the relative humidity maintained between 65 and 85%. The primary leaves of 14-day seedlings were excised at the base of the petiole under degassed water, and the excised leaves were kept in water overnight in a humid chamber prior to use.
The leaves were allowed to take up (S)-2-'4C-ABA (specific radioactivity 5 ,iCi/l,mole) (10) , contained in 0.2 ml of 10 mm K phosphate buffer, pH 7, through the cut petiole. The ABA was administered so that the leaves took up approximately 0.25 ,ug/g leaf fresh weight. After uptake of the feeding solution and two subsequent 0.2-ml buffer washes had been completed (about 1 hr), the leaves were transferred to degassed water for a period of several hours. Leaves to be wilted were removed from the water, placed under a fan until a 10% reduction in fresh weight had been attained, wrapped in aluminum foil, and stored at 25 C until they were extracted. Unwilted control leaves were wrapped in foil after an identical prelabeling period and also maintained at 25 C until extracted. Each sample consisted of a pair of leaves (4-5 g fresh weight). Extraction and Purification of Radioactive Compounds. Leaves were frozen in dry ice and then macerated with a VirTis homogenizer in 20 ml of ice-cold 80% methanol/g of leaf fresh weight. The macerate was stirred overnight in the cold, the methanol was removed by filtration, and the residue was extracted for 4 additional hr with 10 ml methanol g fresh weight. The combined methanolic extracts were reduced to a small aqueous volume in vacuo at 25 C, and the insoluble material was removed by centrifugation. The supernatant was adjusted to pH 3.5 with HCl and extracted 3 times with equal volumes of water-saturated 1-butanol. The butanol extracts were reduced to dryness in vacuo, and the residue was taken up in water and applied to a 8 X 1 cm column of deactivated charcoal (15) and celite (1:1). After a 10-ml water wash, the column was eluted with successive portions of 30, 50, 70, and 100% acetone. The acetone-containing fractions were combined, evaporated to dryness in vacuo, and the residue was taken up in methanol. The packed with 3%/ DC-200 on 60/80 mesh Gas-Chrom Q. The carrier gas was argon-methane (95:5) at a flow rate of 40 ml/ min, the gas temperature was 165 C, and the detector temperature was 186 C. The methyl esters of ABA, DPA, and PA were tentatively identified on the basis of retention times obtained with authentic samples. Further confirmation of the identities of the putative compounds was obtained by exposure of portions of the purified extracts to UV irradiation for periods of up to 40 hr, which resulted in isomerization of the compounds to an approximately 1 :1 mixture of cis-and trans-isomers (3). Relative specific radioactivities of the metabolites were calculated from the ratio of radioactivity in the partially purified sample to the GLC peak area obtained with an injection of a specified percentage of that sample. Determination of ABA and Metabolite Levels. Absolute levels of the various compounds were estimated by comparing the peak areas obtained from the injection of sample to that obtained from the injection of known amounts of standards. The concentrations of methyl PA and methyl DPA in the standards were estimated by their absorbances at 263 nm (E 16,900) and 267 nm (E 19,900), respectively (unpublished data; 12). The losses of endogenous ABA occurring during purification were estimated from the recovery of 3H-ABA (20,000 dpm, specific radioactivity 75 jCi/,tmole) which had been added immediately following leaf maceration. Partial correction for purification losses of the two metabolites were made by comparing the amount of "C in each compound remaining at the end of the purification process with the amount present in the radioactive band attributed to that compound after the initial TLC purification step.
RESULTS
Previous work has shown that PA and DPA are the major metabolites observed when mature bean seeds are incubated with 2-14C-ABA (12, 13). These metabolites have been shown to occur naturally in mature bean seeds at concentrations which greatly exceed that of ABA (14) . Our initial experiments with the primary leaves of 14-day-old bean plants showed that these two compounds are also apparently the major metabolites formed when the leaves are incubated with (S)-2-14C-ABA for periods of up to 30 hr (Fig. 1) . Within 4 hr after the beginning of uptake, less than 50% of the 14C-ABA was still present and by 10 hr only 10 to 15%c remained. The major metabolite initially was PA, but DPA accumulated so that at the end of 30 hr it had become the major metabolite. Although not shown on Figure 1 , small amounts of radioactivity were also observed in a TLC band which may have been ABA glucose ester. Mild alkaline 2 Abbreviations: PA: phaseic acid; DPA: dihydrophaseic acid. hydrolysis of this material produced a single radioactive band which co-chromatographed with ABA on TLC. The amount of radioactivity in this band never exceeded, and seldom reached 10% of the total radioactivity in any sample and showed no consistent pattern of accumulation with respect to the length of incubation. In addition to the putative ABA glucose ester, there were also several other bands of radioactivity detected. The quantity of radioactivity in these bands, which were combined for the purposes of quantitation, was negligible after the shorter incubation periods, but did reach approximately 14%C after 30 hr. The major band in this group has chromatographic properties similar to those of M-3, a metabolite of DPA which accumulates in ash seeds incubated in (S)-2-14C-ABA for extended periods (11) .
The distribution of radioactivity in ABA, PA, and DPA in unwilted leaves, which had metabolized (S)-2-14C-ABA for 30 hr, was compared with the distribution in leaves which were wilted after 10 hr of incubation and maintained in that condition for an additional 20 hr. Figure 1 shows that there was no apparent difference between the wilted and unwilted leaves in the distribution of radioactivity between the three compounds at the end of 30 hr. While these results suggest that metabolism of exogenous ABA and its products continues during wilting, it is possible that endogenous ABA may be in a different metabolic pool than the exogenously applied ABA, so that these results may not necessarily reflect the effects of wilting on the metabolism of endogenous compounds.
In order to avoid problems which could arise if there were different metabolic pools, we attempted to determine the effect of water stress on endogenous ABA metabolism. We prelabeled the metabolites by incubating leaves with (S)-2-14C-ABA and then compared the dilution of metabolite specific radioactivity which occurred in leaves given a subsequent period of wilt or maintained in a turgid condition. Since the distribution of radioactivity in metabolites from control and stressed plants fed 2-14C-ABA appeared to be similar ( Figs. 1 and 2) , we assumed that differences in dilution with time would have resulted from differences in the accumulation of nonradioactive metabolites of endogenous origin.
A preliminary experiment in which relative specific radioactivities of PA and DPA were measured prior to, and at the end of a 30-hr treatment period, showed a 3-to 6-fold reduction in metabolite specific radioactivities in wilted leaves with only a 10 to 15% reduction in the turgid control leaves. These results indicated that a considerable conversion of endogenous ABA to metabolites had occurred during the wilt period, but did not show whether metabolism continued throughout the wilt period, or was confined to the early stages. A second experiment was conducted in order to obtain this information. Following a 6-hr prelabeling period, specific radioactivities of the two metabolites were measured at 0, 4, 16, and 24 hr after the initiation of a 10%o wilt and compared with specific radioactivities of metabolites obtained from control leaves. Figure 2 shows the distribution of radioactivity in ABA, DPA, and PA during the course of the experiment, and again it can be seen that the distribution of radioactivity in control and wilted plants is essentially the same at the end of 24 hr. As in the preliminary experiment, the specific radioactivities of PA and DPA were considerably lower in the wilted leaves than in the control leaves at the end of the 24-hr experimental period (Figs. 3 and 4) . In the case of PA, much of the decline in specific radioactivity occurred during the initial 4 hr of wilting, although there was a continued reduction during the subsequent 20-hr period. Part of the reduced specific radioactivity, however, is due to the approximately 50% loss of 4C-PA as a result of conversion to 14C-DPA (Fig. 2) . This loss is probably responsible for much of the 50%-reduction in PA specific radioactivity observed in the control leaves. The decrease Plant Physiol. Vol. 56, 1975 in DPA specific radioactivity does not appear to begin until at least 4 hr after the beginning of wilt and then continues for the rest of the treatment. The apparent lag before the decrease in DPA specific radioactivity begins is presumably due to the lag in endogenous DPA build-up from the greatly increased endogenous ABA concentrations (Fig. 5) and also to the net influx of 14C from '4C-PA. As a result of the latter, the specific radioactivity of DPA obtained from control leaves was higher after the 24-hr treatment period than at the end of the prelabeling period.
While these specific radioactivity data indicate that endogenous metabolism can occur during wilting when ABA levels are elevated and relatively constant, rates of ABA formation cannot be estimated without information about the changes in endogenous metabolite pool sizes.
The concentrations of ABA, PA, and DPA were estimated by gas chromatography after purification by charcoal-celite column chromatography, followed by TLC in three different solvent systems (Fig. 6) . Presumptive peaks on gas chromatograms were further identified by photoisomerization of the various compounds to mixtures of the cis-and trans-isomers (3). The estimates of ABA concentrations were corrected for all purification losses by the addition of 3H-ABA to the leaf homogenates. The estimates of PA and DPA, however, have only been corrected for losses occurring after elution from the first TLC plate. We have assumed that all of the radioactivity co-chromatographing with PA and DPA standards on the first TLC plate are attributable to these compounds. Subsequent re-chromatography of these compounds in two additional TLC systems appears to justify these assumptions. Since total 'IC losses through the first TLC purification step consistently approached 50%c, we feel that we may have underestimated PA and DPA levels by up to this amount. Table I shows the concentrations of ABA and the two metabolites in both control and wilted leaves at various times during the course of treatment. Even prior to wilting, the levels of PA and DPA are approximately 5 and 20 times greater than that of ABA, respectively. In the unwilted leaves, the levels of DPA appear to rise slightly over the course of the 24-hr period, although ABA and PA levels remain essentially unchanged. In the wilted leaves, the concentration of ABA rises from 0.04 jig/g fresh weight to around 0.5 gg/g fresh weight after 4 hr and is maintained close to that level during the subsequent 20 hr. We have made other observations which suggest that much of the rise in ABA levels occurs during the 1st hr of wilt. Both PA and DPA concentrations rise throughout the period of wilt, the former from 0.2 ,ug to 1.1 ,ug and the latter from 0.8 to 3.0 lAg/g fresh weight.
DISCUSSION
The results obtained from the specific radioactivity experiments and the measurements of ABA and metabolite levels in wilted plants suggest that both ABA formation and metabolism continue at a rapid rate in water-stressed bean leaves. These results suggest that the elevated, relatively constant ABA levels observed in wilted bean leaves are due to a balance between formation and metabolism. Without taking into account our underestimation of DPA and PA levels, and ignoring the possible formation of other metabolites, we calculate that ABA formation in the wilted bean leaves occurred at a rate of approximately 0.15 Mug/ hr-g fresh weight. During this period the ABA level was maintained in the leaves at approximately 0.50 ,ug/g fresh weight. We feel that a better estimate of the rate of ABA formation is close to 0.30 ,ug/hr -g fresh weight when the underestimated DPA and PA levels are considered. The origin of the ABA required to maintain the ABA levels is unknown. Milborrow and Robinson (7) have suggested that in wilted wheat leaves, the elevation of ABA levels is due to de novo synthesis, rather than release from a conjugate such as ABA glucose ester. We feel that it is unlikely that the replacement ABA in the wilted bean leaves arises from ABA glucose ester, since we have found no evidence for ABA glucose ester concentrations in unwilted leaves in excess of the low endogenous ABA concentrations (unpublished results). In addition, the conversion of exogenously applied (S)-2-14C-ABA to ABA glucose ester is minimal in either unstressed or stressed leaves as previously mentioned.
Milborrow (6) has hypothesized that there are three switch mechanisms operating to regulate ABA levels in wilted plants: (a) a rapid synthesis triggered by wilting, (b) a "stop" message (feedback inhibition of ABA synthesis by ABA) when sufficient ABA has been formed, and (c) the commencement of destruction which occurs when turgor is regained.
Our results suggest that the maintenance of elevated, but relatively constant, levels of ABA in wilted bean leaves may be due, not to feedback inhibition of ABA synthesis by ABA, but rather to an equality between formation and metabolism, both of which are occurring at relatively high rates. While our results do not preclude the operation of a feedback loop to maintain constant ABA levels, they do suggest that it is not necessary. Milborrow's (4) suggestion of a feedback mechanism is based primarily on experiments in which high concentrations of 2-'4C-ABA diols were fed to turgid wheat leaves which were then wilted. The diols were oxidized to ABA in high concentrations, and on wilting there was no apparent biosynthesis of ABA. Milborrow interpreted these results to mean that the high levels of ABA arising from the diols shut off biosynthesis of ABA, which would normally occur when the plants were wilted. Another possible interpretation of these results, however, is that it was the much higher concentration of ABA diols remaining in the wheat leaves, rather than the ABA, which inhibited ABA biosynthesis. Recently, Milborrow (5) reported that the apparent synthesis of ABA from mevalonate by lysed chloroplast preparations from avocado fruit is not inhibited by the addition of very large concentrations of ABA. We suggest that in wilted bean leaves ABA levels may be regulated in the following manner: (a) wilting triggers an increased rate of ABA synthesis, which is followed by an increased rate of metabolism, (b) ABA concentrations increase and become relatively constant when the increased rates of synthesis and metabolism become approximately equal, and (c) ABA levels decrease as turgor is regained, due to decreased rates of ABA synthesis relative to metabolism.
The increased rate of metabolism which occurs during wilting may result from increased levels or activities of metabolic enzymes. due somehow to water stress, or to the resultant elevated ABA concentrations. It is also possible that ABA-metabolizing capacity is present in great excess in unwilted leaves, so that the increased ABA metabolism results only from increased substrate availability. We are currently attempting to obtain cell-free systems capable of metabolizing ABA in order to distinguish between these possitilities.
The observation that PA, and particularly DPA, are present in concentrations considerably higher than that of ABA is similar to the results obtained with mature bean seed (14) . We feel that these results are interesting because they suggest that the small ABA pool in plants may be Adjusted for all purification losses. 2 Partially adjusted for purification losses; see text for details. may be of much greater significance than the actual levels at any given time.
